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Abstract
We calculate the response of a ferromagnet–antiferromagnet junction
to a high-frequency magnetic field as a function of the spin-polarized cur-
rent through the junction. Conditions are choused under which the re-
sponse is zero in absence of such a current. It is shown that increasing
in the current density leads to proportional increase in the resonance fre-
quency and resonant absorption. A principal possibility is indicated of
using ferromagnet–antiferromagnet junction as a terahertz radiation de-
tector.
1 Introduction
On a level with “conventional” spintronics studying effects in ferromag-
net/ferromagnet junctions, a new direction has emerged which is related
with spin-polarized current effect on the antiferromagnetic layer in ferro-
magnet/antiferromagnet junction [1]–[14], so that a term “antiferromag-
netic spintronics” has appeared [1, 8].
The interest in studying magnetic junctions with antiferromagnetic
layers is related with the following features of antiferromagnets. First,
this is low, compared to ferromagnets, magnetization in magnetic fields
much lower than the exchange field. This allows to neglect demagneti-
zation effect and, that is more significant, leads to substantially lower
values of magnetic fields and currents at which switching effects occur. In
contrast with ferromagnets, where spontaneous magnetization exists even
in absence of magnetic fields and currents, so that the role of the latter
consists in changing the magnetization direction, in the antiferromagnets
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Figure 1: Scheme of the ferromagnet (FM)–antiferromagnet (AFM) junction;
NM being a nonmagnetic layer. The main vector directions are shown.
with mutually compensated magnetic sublattices existence of the result-
ing magnetic moment is due to magnetic fields and/or currents. Second,
the eigenfrequency of the magnetic oscillation in antiferromagnets exceeds
the similar frequency in ferromagnets by several orders of magnitude, so
that the range of possible using of antiferromagnetic structures extends
up to terahertz (THz) frequencies.
One of the directions in spintronics is studying the spin-polarized cur-
rent effect on ferromagnetic resonance in magnetic junctions [15]–[24].
The current effect on the spectrum and damping of the magnetization
oscillation in antiferromagnets was studied in Refs. [13, 14]. It was shown
that the spin-polarized current effect leads to decrease in damping and
to instability of the antiparallel configuration with switching to parallel
one. A possibility was noted of creating canted antiferromagnet configura-
tion with appearance of net magnetization under spin-polarized electron
injection without external magnetic field.
In present article, we consider forced oscillation of the antiferromagnet
magnetization under high-frequency magnetic field in presence of spin-
polarized current. The conditions are choused under which the response
to the high-frequency is zero when such a current is absent. Under such
conditions, the current exerts a strong effect on the antiferromagnet res-
onant characteristics. Such a current-driven resonator may be used, in
principle, as a THz detector.
2 The model and basic equations
Let us consider a magnetic junction consisting of a pinned ferromagnetic
(FM) layer, a free antiferromagnetic (AFM) layer, and nonmagnetic (NM)
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layer closing the electric circuit (Fig. 1). A thin spacer is supposed between
FM and AFM layers to prevent exchange interaction through the interface.
The current flows perpendicular to the layers (along x axis) in the direction
corresponding to electron flux from ferromagnet to antiferromagnet. The
easy axis of the antiferromagnet lies in the layer plane (along y axis), the
ferromagnet magnetization vector MF is parallel to z axis.
The AFM layer thickness LAFM is assumed to be small compared to
the spin diffusion length, so that the macrospin approximation is valid.
In this approximation, the layer magnetization is supposed to be uniform
in thickness, while the spin current through the interface is taking into
account by means of additional terms in the equations (see Refs. [25,
13] for details). A simplest AFM model is considered with two collinear
equivalent sublattices with equal magnetizations, |M1| = |M2| =M0.
The Landau–Lifshitz–Gilbert equations for the AFM layer in the pres-
ence of spin-polarized current and high frequency magnetic field take the
following form (see detailed derivation in Ref. [13]):
dM
dt
−
1
2
κ
M0
{[
M×
dM
dt
]
+
[
L×
dL
dt
]}
+ γ [M×H(t)]
+
1
2
γ(β + β′)(M · n)[M× n] +
1
2
γ(β − β′)(L · n)[L× n]
+K
[
M×
[
M× MˆF
]]
+ P
[
M× MˆF
]
= 0, (1)
dL
dt
−
1
2
κ
M0
{[
L×
dM
dt
]
+
[
M×
dL
dt
]}
+γ [L ×H(t)]− γΛ [L×M]
+
1
2
γ(β + β′)(M · n)[L × n] +
1
2
γ(β − β′)(L · n)[M× n]
+K
[
L×
[
M× MˆF
]]
+ P
[
L × MˆF
]
= 0. (2)
Here, M = M1 +M2 is the AFM magnetization vector, L = M1 −M2
is the antiferromagnetism vector, MˆF is the unit vector along the FM
layer magnetization, n is the unit vector along the anisotropy axis, H(t)
is the external magnetic field, κ is the damping coefficient, Λ is the uni-
form exchange constant, β, β′ are the intrasublattice and intersublattice
anisotropy constants, respectively (β > β′ is assumed), γ is the gyromag-
netic ratio,
K =
µBQ
eLAFMM2
j, (3)
P =
γαsdµBτQ
eLAFM
j, (4)
j is the current density, µB is the Bohr magneton, αsd is the (dimension-
less) sd exchange interaction constant, τ is the spin relaxation time in the
AFM layer, Q is the FM conductivity spin polarization, e is the electron
charge.
The last two terms in the right-hand sides of Eqs. (1) and (2) describe
(in the macrospin approximation) the spin-polarized current effect on the
antiferromagnet magnetic configuration. There are two mechanisms of
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this effect. One of them [26, 27] is due to relaxation of the noncollinear
(with respect to the AFM magnetization) component of the electron spins
with transfer corresponding torque to the lattice. This occurs within a dis-
tance comparable with the Fermi wavelength from the FM–AFM interface.
The injected spins collinear to AFM magnetization with lost transverse
component remain in nonequilibrium state within much longer distance
of the order of the spin diffusion length. Such a state is energetically un-
favorable. This can lead to change of the lattice magnetic configuration
with transition to more favorable state. This is the second mechanism
of the spin-polarized electron interaction with magnetic lattice [28, 29].
These mechanisms are described by the terms with K and P coefficients,
respectively. It is seen from Eqs. (1) and (2) that the second mechanism
is equivalent to the presence of an additional magnetic field PMˆF/γ par-
allel to the FM magnetization vector. The latter circumstance leads to
appearance of a current-induced AFM canted state in absence of external
magnetic field.
In the configuration described, MˆF = {0, 0, 1}, n = {0, 1, 0}. It is
suggested that external dc magnetic field is absent, while a high-frequency
magnetic field is parallel to the anisotropy axis, H(t) = {0, H0 cosωt, 0}
with H0 ≪ HE, where HE ≡ ΛM0 is the exchange field. Under such
conditions, the AFM magnetization is zero in absence of the current
(j = 0). Correspondingly, the magnetic susceptibility component χyy re-
sponsible for absorption of the high-frequency field with the polarization
indicated [30] is zero, too, so that AFM resonance does not occur.
3 Spin-polarized current-driven resonance
in antiferromagnet
As it was mentioned, antiferromagnet magnetization appears along the
ferromagnet magnetization vector MˆF under spin-polarized current. Pre-
cession of the antiferromagnet magnetization vector makes possible the
resonance absorption.
Let us calculate the antiferromagnet magnetization with using Eqs. (1)
and (2). The high-frequency field is assumed to be low, is taken into ac-
count in scope of the linear approximation, and, hence, does not influence
the static magnetization, which is [13]
M = {0, 0, Mz}, Mz =
P
γ
(
Λ + 1
2
(β − β′)
) ≈ P
γΛ
. (5)
The corresponding antiferromagnetism vector is
L = {0, Ly, 0}, Ly =
√
4M2
0
−M
2
z. (6)
To calculate the response to the (low) high-frequency field, we linearize
Eqs. (1), (2) in small deviations fromM, L. The following set of equations
is obtained:
∂Mx
∂t
−
1
2
κ
M0
{
−Mz
∂My
∂t
+ Ly
∂Lz
∂t
}
+ PMy
4
−
1
2
γ(β + β′)MzMy −
1
2
γ(β − β′)LyLz +KMzMx
= γMzH(t), (7)
∂My
∂t
−
1
2
κ
M0
Mz
∂Mx
∂t
− PMx +KMzMy = 0, (8)
∂M˜z
∂t
+
1
2
κ
M0
Ly
∂Lx
∂t
+
1
2
γ(β − β′)LyLx = 0, (9)
∂Lx
∂t
−
1
2
κ
M0
{
Ly
∂M˜z
∂t
−Mz
∂L˜y
∂t
}
−γ
{
Λ +
1
2
(β − β′)
}
LyM˜z = 0, (10)
∂L˜y
∂t
−
1
2
κ
M0
Mz
∂Lx
∂t
−
1
2
γ(β − β′)MzLx = 0, (11)
∂Lz
∂t
+
1
2
κ
M0
Ly
∂Mx
∂t
+ γ
{
Λ +
1
2
(β − β′)
}
LyMx +KMzLz = 0, (12)
where M˜z =Mz −Mz, L˜y = Ly − Ly .
We seek a solution in the form of forced oscillation with frequency ω
of the external magnetic field. We find
Mx(ω) = −
(−iω + P/η)PH0
Λ (ω2 − Ω2 + 2iνω)
≡ χxy(ω)H0, (13)
My(ω) = −
P 2H0
Λ (ω2 − Ω2 + 2iνω)
≡ χyy(ω)H0, (14)
Ω2 = 2γ2HAHE + P
2 +
(
γHE
η
)
2
, (15)
ν = γHE
(
κ+
1
η
)
, (16)
where HA = (β − β
′)M0 is the anisotropy field, η = αγM0τ .
Absorption of the high-frequency field is determined by the imaginary
part of the diagonal susceptibility
χ′′‖ ≡ Imχyy(ω) =
2νωP 2
Λ
[
(ω2 − Ω2)2 + 4ν2ω2
] . (17)
The maximal absorption corresponds to the resonance frequency
ωres =
√
Ω2 − 2ν2. (18)
The Q-factor of the system is
Q =
Ω
2ν
. (19)
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Figure 2: Imaginary part of the diagonal susceptibility χ′′‖ as a function of the
dimensionless frequency ω/γM0 under various (dimensionless) current densities
j/j0.
It follows from Eqs. (15) and (16) that the resonance frequency and Q-
factor rise under increase in current.
The power absorbed in a unit volume is [30]
W =
1
2
ωχ′′‖H
2
0 , (20)
while the linear absorption coefficient for an electromagnetic wave incident
on the layer is
Γ =
8piW
cH2
0
= 4piqχ′′‖ , (21)
where c is the light velocity, q = ω/c is the wavenumber of the incident
electromagnetic wave.
4 Discussion
Let us make numerical estimates using the following parameter values:
M0 ∼ 10
3 G, Λ ∼ 103, α ∼ 104, β ∼ β′ ∼ 10−1, κ ∼ 10−2, τ ∼ 10−12
s, LAFM ∼ 10
−6 cm. We find HE ∼ 10
6 G, HA ∼ 10
2 G, ν ∼ 1011 s−1,
Ω ∼ 1011 s−1, η ∼ 102. As a scale of the current density, we choose the
quantity
j0 =
eLAFMγM
2
0
µBQF
, (22)
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Figure 3: Imaginary part of the diagonal susceptibility χ′′‖ as a function of
the dimensionless current density j/j0 at various (dimensionless) frequencies
ω/γM0.
so that
P = ηγM0
j
j0
. (23)
With indicated parameter values, j0 ∼ 10
7 A/cm2. At j ∼ j0 we have
Ω ≈ P , i.e., the eigenfrequency is proportional to the current density. The
same applies to the resonant absorption.
The absorption spectrum (χ′′‖ as a function of the dimensionless fre-
quency ω/γM0) with various current densities is shown in Fig. 2. It is
seen, that the resonance frequency and resonant absorption rise propor-
tionally to the current density. At j ∼ j0, we have the resonance frequency
about 1012 c−1, that corresponds to THz range.
The absorption as a function of the current density at various fre-
quencies has the similar form (see Fig. 3 where the same dimensionless
variables are used).
At Ω = 1012 s−1, ν = 1011 s−1 we have Q = 5. (For comparison: the
Q-factor of free oscillation without current
Q0 =
1
κ
√
HA
2HE
(24)
is less than 1.) The Q-factor rises under increase in the frequency and/or
current density.
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Figure 4: The current-induced relative change of the reflection coefficient as a
function of the (dimensionless) current density. The notations are the same as
in Fig. 3.
For THz radiation (q ∼ 102 cm−1) at j ∼ j0 the absorption coefficient
is Γ ∼ 10 cm−1, so that the absorption within the thickness of the AFM
layer is quite small, ∼ 10−5–10−4. To overcome this difficulty, a multilayer
structure of alternating ferromagnet–antiferromagnet layers may be used
with electromagnetic wave incident from the butt side (along z axis). The
reflection coefficient of the normally incident wave is [31]
R =
∣∣∣∣ n˜− µ˜n˜+ µ˜
∣∣∣∣2 , (25)
where n˜ = n + ik is the complex index of refraction, µ˜ = µ′ + iµ′′ =
1 + 4pi(χ′ + iχ′′) is the complex magnetic permeability.
In long wavelength range [31]
n ≈ k ≈
√
2piσ0
ω
≫ 1, |µ|, (26)
where σ0 is the static conductivity. Therefore, Eq. (25) can written as
R = R0 − 4pi(1−R0)(χ
′ + χ′′), (27)
where R0 is the reflection coefficient in absence of the spin-polarized cur-
rent when χ′ = χ′′ = 0 under geometry in consideration (see Eq. (14)).
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The current-induced relative change of the reflection coefficient (R0 −
R)/(1 − R0) = 4pi(χ
′ + χ′′) as a function of the (dimensionless) current
density is shown in Fig. 4. It is seen that ∆R = R − R0 is of the order
of 10−3–10−2 at j ∼ j0 (i. e. ∼ 10
7 A/cm2 at chosen parameters). The
desired resonance signal can be extracted by the current modulation.
5 Conclusion
The results indicate a possibility of a new effect, namely, current-induced
resonance in ferromagnet–antiferromagnet junctions. The resonance fre-
quency and resonant absorption are proportional to the current density
through the junction. This opens a principal possibility of using such junc-
tions as current-controlled resonant detectors for THz radiation. Making
of corresponding experiments seems to be interesting.
The work was supported by the Russian Foundation for Basic Re-
search, Grant No. 10-02-00030-a.
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